ABSTRACT This paper deals with the central powering of very low power sensor networks deployed over wide areas. Although wireless communications are nowadays dominant in the majority of implementations, wired differential communications sometimes provide the only ultimately reliable solution. In a large-scale network, it is of interest to implement both communication and powering with a small number of thin conductors. The consequential problem of the serial resistance of the long powering lines appears as the limiting factor. Sensor nodes powered with linear supply support very low power consumption, but the current flow through ground loops creates common mode voltage on communication lines. An introduction of the galvanic isolation resolves the common mode issue, but the isolation usually consumes more power than a sensor node itself, which in total gives even worse results than linear regulation. Moreover, a galvanic isolation demands an additional reference conductor for signal return path. In this paper, a novel approach to the realization of a floating linear power supply is proposed, incorporating advantages of both linear and isolated solutions. The new power supply scheme retains linear regulation characteristics regarding low power consumption, at the same time eliminating common mode voltage issue, such as an isolated power supply.
I. INTRODUCTION
Sensor networks for industrial applications are based on robust wired and wireless technologies deployed in specific industrial environments. Depending on the actual application, requirements such as cost, flexibility, scalability, reliability, coverage and power demands should be accomplished [1] . With the rapid introduction of Industrial Internet of Things (IIoT), there is a general trend to distribute a plenty of low cost, low power sensors over large-scale areas, in order to gather massive amounts of most diverse data.
Although wireless sensor network technologies have become dominant [2] , there are still specific applications where wired connections must be employed. These applications include the situations when local powering is not possible, wireless transmission is prone to noise or not possible for some reason, or there is no possibility for energy harvesting. Examples of such an application are underground communications with no guaranteed optical visibility between nodes, like underground mine sensor networks [3] and specific sensor networks built upon public switched telephone infrastructure.
Differential communications are dominant technology for implementation of wired protocols that support multidrop networks and work at large distances. Among them, RS-485 is one of the most frequently used physical standards. It is balanced transmission standard that defines electrical characteristics of drivers and receivers [4] . Although introduced more than three decades ago, RS-485 is one of the most common industrial communication interfaces that can be found today. It is used as a physical layer underlying many standard and proprietary industrial communication protocols such as Profibus or Modbus [5] , or military protocols such as MIL-STD-1553B [6] . The RS-485 bus is known to be convenient for use on both short and long transmission lines and shows excellent noise immunity. At shorter distances the communication speed can exceed 50 Mbits, at the distance of one thousand meters the signaling speed is about 200 kbits, whereas at longer distances the speed further decreases [7] . Essentially, RS-485 is a multi-drop bus system and modern drivers allow up to 256 devices on a single bus.
Noise immunity of RS-485 is achieved by differential nature of transmission and ability of receivers to sustain common mode voltage added to the differential signals. The standard defines that the common mode voltage at the inputs of every receiver on the bus should be in the range of −7 V to +12 V with respect to ground [4] , and all off-the-shelf transceivers support that demand. There are also non-standard devices that support a wider common mode voltage range available.
Without loss of generality, this paper will use the RS-485 in half duplex configuration as an example of differential communication, and all the conclusions from this paper can be extended to other similar standards such as RS-422.
Today, at the dawn of the IoT era, electronics and sensor technologies enable design of smart sensors that feature very low power consumption. While a device in sleep mode can have extremely low current consumption measured in micro-amps, in active mode -during measurement, processing and communication -it can spend tens of milliamps. Usually, active periods are very short and impulse currents are delivered from a local energy storage, like capacitors or super-capacitors. Considering the low duty ratio, short active periods and large bypass capacitors, consumption of a sensor node can be characterized by nearly constant, very low current. This paper deals with powering issues of a network with voltage signaling, and is applicable to differential communication in general. The network consists of a large number of low power nodes powered from a centralized source through a minimal set of conductors. The half-duplex configuration is employed, therefore the network utilizes master-slave communication scheme. The nodes are deployed along a long communication link (∼ km) with a very low active state duty ratio and the average current of the order of magnitude of ∼100 µ A. The data rate is assumed to be non-critical, that is it may be as low as needed due to limitations imposed by the resistance of data lines. Block diagram of such a network is presented in Fig. 1 . The main issue in the realization of this kind of network inherits from the fact that powering of the network from a central source through long conductors creates common mode voltage due to the flow of supply currents through reference conductor.
A differential communication, along with central powering, can be established through different types of conductors, depending on actual application and existence of infrastructure. The standard two-wire telephone-set connection known as analog PSTN (Public Switched Telephone Network) is the oldest but still the most widely used service offered by the telephone companies. It is commonly distributed within urban areas and is therefore interesting for certain applications. Electrical characteristics, power levels and other significant characteristics are defined by the set of standards issued by ITU-T [8] . The most commonly used conductor type is standard 24-gauge copper wire, with resistance per unit length of 310 /km, and nominal operating DC voltage 48 V. Another frequently used conductor type is the unshielded twisted pair, commonly used in computer networks. The most common Cat5e UTP cable has the resistance per unit length of 94 /km, and maximum allowed voltage of 57 V, defined by TIA/EIA-568A standard [9] .
A design of efficient power stage of sensor nodes, which compensates for the induction of the common mode voltage and still retains extremely low power consumption of the sensor node as a whole, is addressed in this paper. A principally new methodology of design of linear regulation is presented, tested and compared to the state-of-the-art solutions.
The second section of the paper describes in detail the problems of creation of common mode voltage as well as supply voltage drop at sensor nodes due to flow of supply currents in centrally powered differential networks when a direct connection of sensor nodes is used. Available solutions are discussed as well. The third section introduces the principal idea of floating linear regulation, the main contribution of the paper. The fourth section presents one specific realization of the node with floating linear regulator and brings test results. The sixth section covers discussion about positive and negative aspects of the solution and suggests future work. The conclusion is made in the last section.
II. CENTRAL POWERING IN DIFFERENTIAL NETWORKS
Direct coupling of sensor nodes to the network with central powering is presented in Fig. 2 for n slave nodes. In the minimal configuration, communication and powering are implemented by means of two twisted pairs. The resistance of the powering conductors is modeled by resistors R 1 through R n , and voltage drops on reference power conductor are denoted v GND1 through v GNDn . Positive and negative current consumptions of the nodes are denoted i + j and i − j , j = 1,. . . ,n, respectively, since in a general case the supply currents may not be symmetrical. The central voltage source is denoted v 0 , whereas the voltage drops across nodes are marked with v j . The termination resistors are intentionally omitted since there is no need for them in a case of low data rates.
While the resistance of the communication wires is irrelevant for the function of the network as the assumption is that data rate is not critical, the resistance of power wires influences the creation of common mode voltage due to the flow of supply currents. In general case, each node in the system should be able to communicate with every other node. Also, the voltage drop on the power distribution conductors may be too high for powering of the most distant node. The worst case for both considerations is end-to-end communication.
Referring to the Fig. 2 and assuming balanced positive and negative supply currents, i
. . , n, the common mode at the input of the n-th node is
where: v OC is the common mode at the output of the leftmost device referred to the device ground, that equals one half of the differential transceiver power supply voltage V CC ; v Ni is the noise induced on the i-th section of the differential transmission line; ρ is the resistance per unit length of the conductors used; L is the total length of one power supply conductor; x i is the fractional length of the i-th section of the power supply line (one conductor), n i=1 x i = 1; i k is the supply current of the k-th device.
Since the nodes are identical, we can assume that all the supply currents are equal, i k = i, k = 1, . . . , n. Besides, we can assume the uniform distribution of sensor nodes, x i = 1/n, and neglect the noise induced on the communication lines. Then, (1) becomes
Finally, taking into consideration the standard allowed common mode voltage range at the input of a differential receiver, -7 V ≤ v CMn ≤ 12 V, the maximum allowed supply current per node is
The previous equation provides maximum allowed supply current of a sensor device with respect to the parameters of the network and allowed common mode voltage at the input of the receiver. For example, direct connection of 100 sensor nodes along a 5 km line using one telephone twisted pair of conductors gives the maximum allowed current of about 110 µA per node. Even though the consumption of a single node might be that low practically, the presented analysis implies the violation of the noise immunity of the system. The noise margin for end-to-end communication in the border case is effectively zero, and this is not acceptable in robust industrial designs.
Regarding the minimum dropout voltage of the linear regulators at the nodes, voltage supply v n across the n-th node can be calculated
If we assume identical nodes distributed uniformly along the distance L and neglect the linear regulators' dropout voltage, (4) becomes
Since the input voltage of a linear regulator should be greater than its nominal output for at least the regulator's dropout voltage, v n ≥ V CC + v LDO , the maximum allowed supply current per node is
For example, assuming the same uniform distribution of 100 nodes along 5 km, neglecting the minimum dropout voltage of linear regulators, the regulator's output voltage of 3.3 V, use of standard telephone twisted pair and the powering voltage of 48 V, the maximum allowed current of 285 µA per node is obtained.
Comparing (3) and (6), for the same number of devices n, distance L, and resistance per unit length ρ, it is obtained that the common mode is limiting factor regarding available-pernode current if
For V CC = 3.3 V, this means that if the central supply voltage is greater than 20.6 V then (3) rather than (6) dictates the maximum node current.
There are ways to tackle the common mode problem while maintaining the direct coupling of nodes to the network. One approach is to use feedback to translate levels of differential input signals to the desired common mode range, as presented in Fig. 3 [10] .
The common mode voltage is sensed by means of resistors R 1 and R 2 and a DC voltage is added to the input differential signals by means of resistors R 3 and R 4 . The resulting signals are then passed to a standard receiver circuit. Depending on the ratio of the resistors R 1 /R 3 = R 2 /R 4 , the actual input common mode voltage is more or less close to the desired value v CMR . The main issue with this approach is the effective attenuation of the input signals through dividers R 1 -R 3 and R 2 -R 4 , what influences the bandwidth of the equivalent input circuit and lowers the communication speed. This can be overcome by a decrease of the resistances, but it will consequently increase the power consumption. In a case of large common mode voltages, resistor ratios should also be large, inevitably decreasing the amplitude of the differential signal and lowering the noise immunity.
The importance of the extension of the common mode voltage range has been recognized by the majority of semiconductor vendors, so there are devices with extended input common mode range on the market. Transceiver SN65HVD21 (Texas Instruments Inc.) offers common mode range from −20 V to 25 V, at the expense of the supply current in receiving mode higher than 5 mA. LTC286x family of transceivers (Linear Technology Inc.) is designed to support the extended input common mode range of ±25 V, and has a quiescent current of 900 µA in receiving mode. One can see that the nodes are not low-power anymore when using the extended common voltage range transceivers. The other principal approach to tackle the issue of the common mode is to use galvanic isolation thus effectively cancelling reference conductor loop. There are two varieties of this approach, use of isolated transceivers, that include isolated DC/DC converter, in combination with non-isolated regulators (Fig. 4) , and use of isolated power supply along with non-isolated transceiver (Fig. 5) .
Regarding the compensation of input voltage common mode, the two varieties are equivalent. The difference concerns immunity of the nodes to overvoltages on the communication link, where the isolated power proves better.
In both cases, when the common mode voltage is compensated by isolation, the central power source voltage can be increased thus providing a high enough margin for powering the sensor nodes, in accordance with (6) .
Almost all big semiconductor vendors produce their versions of isolated RS-485 transceivers. The transceivers differ in principles of transfer of data through isolation barrier, and in general characteristics like speed, fan out etc. MAX14938 is one of them with smallest supply current which can be as low as 4 mA in idle state, but this is obviously too high.
As regards isolated power supply, low power supply switching technologies are in constant research and development. Whatever the switching topology, a significant supply current is needed to support feedback and maintain stability and regulation. There is a lot of effort in techniques for primary side sensing [11] , [12] and in general efficiency optimization of switching converters [13] , constantly bringing improvements.
The state-of-the-art representative of very low power switching controllers is LT8300 (Analog Devices) Flyback controller with an idle supply current of as low as 330µA, capable of working with wide range of input voltages (6-100 V). Although this is very low power consumption for a regulator of this kind, it is still significant.
As can be inferred from the above discussion, the common mode voltage cancellation by means of isolation of some kind could be implemented in case of long lines only if the number of nodes is relatively small, because of the current consumption of isolation circuitry.
The power consumption of isolation circuitry has been significantly lowered in a recent Texas Instrument's design solution TIDA-00349, an isolated DC/DC converter. It offers a uniquely high efficiency and ultra-low power supply idle current of only 65 µA. The disadvantage of this solution is a very narrow range of input voltages of 1.6-5.5 V [14] . The limitation of the input voltage range can be overcome by including linear regulator at the input of the switching regulator at the expense of increased cost. Therefore, the use of this device seems feasible.
However, compatibility with the standard for differential communication demands the existence of the ground return path in both isolated receiver and isolated node varieties [4] . This can be implemented by the introduction of an additional signal ground conductor, denoted as RTN in Figs. 4 and 5, with consequential increase of infrastructure cost.
III. PRINCIPAL SOLUTION
Direct coupling based on linear regulators is simple and efficient in terms of current consumption at low power conditions, but induction of the common mode voltage on the power supply reference conductor poses a problem. Galvanic isolation solves the issue of the common mode but introduces higher costs, increased quiescent current and demand for the additional return path conductor.
Linear regulators are traditionally designed to regulate output voltage with respect to a referent connection called ground. At the same time, this strict rule is the origin of problems described in the previous section and presented in Fig. 2 . The principal idea of the new solution, which resolves the problems recognized in traditional solutions is to replace a traditional linear voltage regulator referenced to the negative power rail with a novel floating linear voltage regulator which is referenced to an arbitrary potential within the range of the power supply. Fig. 6a presents a principal idea of the sensor network with nodes powered by the modified linear regulation. Instead of regulating voltage with respect to the negative input rail, the regulator of the j-th node REG j regulates output voltage V CCj with respect to the local ground GND j , at the same time regulating the potential of the local ground GND j in order to retain the desired local common mode voltage v CMj sensed at the differential communication pair. To achieve this, the regulator REG j controls two current sources. , and the system is functional until one of the dropout voltages decreases to a minimum value. This occurs either in a case of the large amplitude of the noise induced on communication lines, or in a case of high supply currents. Nevertheless, in the ideal noiseless case, the powering capability of the system is limited only by the total input voltage v n across the last node in the network, what is the same as in the case of isolated powering of the nodes. On the other side, contrary to the isolated powering, there is no need for additional return path conductor since the system is not galvanically isolated.
Floating voltage regulation is not a new idea. Floating bandgap voltage references [15] , [16] are widely used in AD and DA converters and other circuits that implement differential signal processing. The principal idea is the same, but working conditions and application differ significantly. Bandgap references are precise and stable, but deliver small amounts of current. While bandgap references are usually integrated into a larger processing circuit on the same chip, the floating linear regulator is intended to be a discrete component.
One possible rendering of the general idea of floating regulation to a model that could be implemented with standard electronic components is presented in Fig. 7 . The key point of this approach is the existence of two independent control loops.
The first control loop (marked blue in Fig. 7 ) controls the regulator output voltage V CCj with respect to the local ground GND j , whereas the second control loop (marked red in Fig. 7 ) controls the current of the negative current source in order to retain desired common mode voltage V CMRj . The first control loop implements the regulation of power supply voltage and therefore can be implemented by using a traditional voltage regulator. The second loop could be implemented with the specifically designed feedback circuit. In this model, the key component of the second loop is the operational amplifier which controls the current source. The input common mode voltage v CMj is sensed by resistive divider R 1 -R 2 whereas the reference for the common mode voltage V CMRj is determined by resistive divider R 3 -R 4 . Proper feedback will secure that the common mode voltage v CMj equals to the requested reference voltage V CMRj .
In general case, every device can act as a driver or receiver on the bus or both. Since the communication is realized as half-duplex, there is only one active driver at a time, while all the other devices are in receiving mode. Considering the two decoupled feedback loops, the device in the receiveonly state is stable and the tracking of the desired common mode voltage is easily achieved -the device ''listens'' to the communication lines and floats around their middle potential.
Nevertheless, when the device is in transmitting state, one more feedback loop could become active, as emphasized in Fig. 8a . Usually, it is recommended to set the input common mode to the half of the device's power supply, V CMRj = V CC /2. When the RS485 driver circuit is active it forces its outputs to certain levels, which in general case can have arbitrary values. In most practical cases, the values of high and low states, V OH and V OL , will be symmetrical around the half of the power supply, for both logical zero and one at the driver output, thus the output common mode voltage of the driver can be defined as V CMO = V OH + V OL = V CC /2. Only in an ideal case, when the reference input and driver output voltages are equal, V CMRj = V CMO , the third loop does not exist. This is not true in a general case since the common mode voltage at the outputs of the driver can vary from a device to another, or due to environmental conditions and aging. The resistor divider ratio which sets the reference input common mode voltage V CMRj can also be unadjusted.
The general design constraint is to set the resistors R 3 and R 4 so the reference v CMRj is nominally equal to v CMO of the driver. Additional disbalance can be compensated by the introduction of the resistors R D in series with outputs of the driver. The model of the circuit with components significant for the analysis is presented in Fig. 8b 
The equation (9) simplifies to
After substituting (10) in (7) and (8), the generated input common mode voltage is obtained
The above result shows that the parasitic resistance of the communication line R C increases the generated line common mode voltage. If the fluctuation of the output common mode voltage is positive, the generated line common mode voltage will be increased, and vice versa.
It is interesting to notice that parallel resistors R L and R S do not influence the generation of the line common mode voltage. Nevertheless, all of the resistances in Fig. 8b , both serial and parallel, influence attenuation of the differential signal since the line differential signal is
The last result states that compensation of the common mode voltage and maximization of the differential amplitude are contradictory requirements. Nevertheless, a proper selection of the components can satisfy both demands in an acceptable way. Fig. 9 presents one realization of the floating regulation concept with commercially available components. The first control loop, the actual regulation of voltage V CCj , is implemented by linear voltage regulator TPS71533 (Texas Instruments Inc.). This regulator is known for wide input supply voltage range, very low quiescent of just 3.2 µA, and 50 mA of available output current. The second loop is implemented using operational amplifier OPA333 (Texas Instruments Inc.), with rail to rail output and the quiescent current of 17 µA. The current source supplying negative rail current is made from P-FET transistor 2SJ103 in conjunction with standard bipolar transistor BC337. A complex low side driving circuit for the negative rail current source is avoided by use of the P-FET transistor. The gate-source voltage of the P-FET is equal to the output voltage of the amplifier. The P-FET and consequently the BJT have a maximum current when the gatesource voltage is zero. Increasing the output voltage of the amplifier lowers the current of the P-FET and consequently the current of the current source as a whole.
IV. EXPERIMENTAL SETUP AND TESTING RESULTS
Use of equal resistors R 1 and R 2 ensures that the common mode voltage is sensed as a sum of voltages on differential twisted pair A-B. Use of equal resistors R 3 and R 4 ensures that the reference for the common mode voltage is set to one half of the power supply voltage V CC . The large values of resistors R 1 through R 4 ensure that this circuit minimally contributes to the total power consumption.
The communication functionality is implemented by MAX3471 low power RS485 transceiver (Maxim Integrated Inc.), with a quiescent current of only 1.6 µA in reception and 60 µA in transmission mode of operation.
Control function of the device is implemented within MSP430F147 ultra-low power microcontroller (Texas Instruments Inc.), with the active supply current of 30 µA in receiving and 500 µA in processing and transmitting state. The microcontroller operates at the frequency of 32,768 Hz in LPM2 low power mode during the reception, and frequency of 4MHz in active mode during data processing and transmission.
Since the main role of the designed floating linear power supply is to enable stable tracking of input common mode voltage, the experimental setup presented in Fig. 10 is used. The signal generator emulates external common mode noise on the communication lines in form of either white Gaussian noise or standard sinusoidal and square waveforms. The device dev 1 is programmed to periodically, every 150 ms, sends to the network a formatted message of ten characters at the speed of 9600 bit/s. The tenth byte is a calculated checksum of the previous nine bytes. Each two characters are separated by a delay of 1 ms. After the reception of a complete ten-character message, the device dev 2 calculates and compares the sent and received checksums. If the checksums are equal the device echoes back the whole message at the same speed but without delays. The device dev 1 ignores the VOLUME 6, 2018 echoed message and after a period of 150 ms starts a new transmission.
In all of the proceeding figures, the yellow line represents the output voltage from the signal generator, while the turquoise line represents the voltage on one of the signal lines. Fig. 11 presents test waveforms when the sinusoidal common mode voltage of amplitude of 10 Vpp is inserted into the communication lines. The frequency of 5 Hz is chosen as visually appealing. The delays inserted in dev 1 message help to visually distinguish between its own and the message echoed back from the device dev 2 . Fig. 12 presents the waveforms when the injected signal is a square with the amplitude of 10Vpp. The situation when the communication is active during the step change in common mode voltage is presented. Fig. 13 presents the measurements when the injected signal is a square wave with the amplitude of 5 Vpp but the time resolution is higher. The moment of fast change of the inserted common mode voltage is presented. A slope in the rise of the communication signal is observed, due to the limited current capacity of powering lines which must supply the current for charging the bypass capacitors of the voltage regulator. The deviation of the inserted common mode signal from ideal square wave shape can be explained by saturation of the noninverting input of the operational amplifier. Protection diodes together with the output impedance of the signal generator deform the signal shape. Effectively, the floating linear regulator acts as a galvanically isolated regulator with output voltages within the range of the input power supply. This, of course, does not mean that all of the properties of the isolated power supply are translated to the floating regulator.
The general efficiency of isolated regulators is inevitably higher. When the continuous output currents are significantly higher than quiescent currents of both linear and isolated regulator, it is more efficient to use an isolated supply. On the other hand, when the supply currents are very low and comparable to quiescent currents of regulators, like in the case of modern sensor networks, it is more efficient to use linear regulation. Considering the efficiency, the rule of a thumb for the application of linear regulators could be: linear regulator is more efficient if the total current of the linear regulator together with the current of the powered device is lower than the quiescent current of the isolated regulator. The same rule applies to the floating linear regulator.
For example, if a sensor device consumes an overall current of 40 µA, it is more efficient to supply it with a linear regulator with a quiescent current of 2 µA, than with an isolated regulator which has a quiescent current of 43 µA. This does not depend on the value of the input voltage at all.
Calculation of the total power dissipation for the system with floating regulator is principally the same as for the system with standard linear regulator. Again, if the sum of total current of the linear regulator and the current of the powered device is lower than the quiescent current of the isolated regulator, the dissipation of the system with floating linear regulation will be lower.
The other issue that should be discussed is the quasiisolation of the floating linear regulator. The output of the floating linear regulator floats within the range of the input supply and can be referenced to any voltage within that range. Any high impedance source can be used as external reference connected directly to the inverting input of the operational amplifier (Fig. 15) . The power supply connections are also high impedance inputs. Anyway, the galvanic connection is definitely present. This fact disqualifies the floating linear regulator in applications which typically require galvanic isolation, like powering consumer devices from the public power network.
Nevertheless, this apparent isolation is beneficial in the implementation of differential communication networks, like the ones based on RS-485 standard. The floating linear regulator provides a ground return path, demanded by the standard, while the true galvanically isolated solutions always need one additional conductor.
Regarding the specific application of powering of largescale differential networks, there are a few issues that should be discussed. The one potential issue for the new powering concept and the centrally powered communication device as a whole is stability. In general case, three feedback loops can be established, one for regulation of local power supply voltage, the second for regulation of the potential of local ground with respect to desired input common mode voltage, and the third loop which appears as the result of unbalanced output common mode voltage of the driver and demanded input common mode voltage. While the first two loops distinguish the nature of the floating linear regulation idea, the third one is purely parasitic and unwanted.
If the simple model of the system is assumed, the first two loops are uncoupled, and the stability is not a concern. The Fig. 16 shows that the second loop, which is used to regulate input common mode voltage, effectively overlaps with the third loop activated by the unbalanced driver circuit. Although the experiments did not exhibit instability, a future work should include stability analysis.
Even if the third loop causes no instability, unbalanced output and input common modes of the receiver can lead to induction of significant common mode voltages on the communication lines.
The Fig. 17 illustrates a typical distribution of the voltages along the network when one of the nodes has a significant value of unbalancing voltage v. This leads to an increase of line common mode voltage between the origin of the network and the corresponding node, and lowering of the positive dropout voltage. Since there is only one active driver on the line, the increase is linear. Although the potentials of communication lines further away from the corresponding node are not increased, in a case of small power supply margins, especially for the devices at the far end of the network, this can become an issue.
This effect can be seen in the measurement diagrams presented in Figs. 11-14 . Although the output common mode of the driver used is slightly below V CC /2, the reference common mode voltage V CMR was set to V CC /2. This caused the common mode voltage on the communication lines during the active transmission of both drivers to be below the referent VOLUME 6, 2018 common mode voltage from the signal generator, what can be seen as a small but visible drop in the baseline of the communication signal. The difference to the reference level from the signal generator is induced on the bias resistors R B , as a result of the mechanism of compensation described earlier.
The introduction of the resistors R D lowers the influence of the unbalanced common modes of the driver and receiver, but also decreases the amplitude of the differential signal on the line, as shown previously.
Both of these problems could be solved or minimized by the implementation of an analog or digital circuitry for continuous monitoring and adaptation of the reference common mode voltage V CMRj . One idea could be to monitor the driver output common mode voltage during active periods of transmission and to set the same voltage as a reference during passive periods of reception.
Finally, the temperature effects should be considered for specific applications. The floating linear regulation appears as interesting solution for the devices with extremely low power consumption, which implies that the temperature is purely determined by the environmental conditions. While some networks (underground networks) are naturally characterized by constant temperature conditions, some others could be exposed to extreme variations due to direct sunlight or similar.
VI. CONCLUSION
This paper presents theoretical elaboration and experimental verification of a novel approach in the design of linear voltage regulators. The presented concept appears to be a favorable solution for the centralized powering in a specific class of large-scale differential networks with sensor nodes characterized by extremely low power consumption. The concept is proven and discussed. The future work should focus on design issues presented in the discussion section. The design of the specific application circuit should be covered with detailed simulations, stability and sensitivity analysis and frequency response characterization, followed by experimental testing.
